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INTRODUCTION

The concept of using plants for atmospheric
regeneration in controlled ecological life support
systems (CELSS) has been studied since the early
1950s, and most likely discussed long before this
(Myers 1954, Krall and Kok 1960, Golueke and
Oswald 1964), Indeed, Priestiey (1772) demon-
strated metabolic reciprocity between plants and
heterotrophs over 200 years ago. The basis for
using plants in closed life support systems is the
process of photosynthesis, in which carbon diox-
ide is fixed enzymatically to form carbohydrate
{(biomass) while oxygen is released. A
simplified version of the reaction can be written
as:

fight
C02 + Hzo _— CH20+ 02

where CH,O represents a singlecarbon unit of
carbohydrate,

Most early studies of photosynthetic atmo-
spheric regeneration focused on algae, eg., Chio-
rella (Krall and Kok 1960, Golueke and Oswald

1964, Eley and Myers 1964), because of their high
photosynthetic productivity and ease of culture.
However, recent studies have shown that higher
plants have photosynthetic productivities nearly
as high as algae (Bugbee and Salisbury 1988,
Wheeler e al. 1993,1996), and advances in
controlled environment agriculture have refined
techniques for intenstve production systems with
higher planis (Resh 1989). These developments,
coupled with the difficulties of incorporating
algae into the human diet, brought about a
refocusing of CELSS work toward higher plants
in the 1980s (Golueke and Oswald 1964,
MacElroy and Bredt 1985). Because the issue of
edible biomass (food) is critical to CELSS, it is
likely that higher"plants would have a major role
in any bioregenerative life support system; there-
fore, 1 will focus my discussion on higher plant
systems, although it should be borne in mind
that the optimal combination of photosynthetic
organisms for a CELSS is still unresolved.
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MEASURING PLANT GAS EXCHANGE

Plant gas exchange (photosynthesis, respiration,
and transpiration) rates have been measured for
many years using a variety of techniques
(Coombs et al. 1985). Typically, these mea-
surements use single leaves in conjunction with
portable or bench-top gas exchange units with
transparent cuvettes (Coombs ef al. 1985).
Whole plant photosynthesis can be estimated
from single leaf rates, provided total leaf area and
amount and distribution of intercepted light are
known. However, extrapolating from single
leaves to whole plants or stands of plants carries
a high degree of uncertainty. (By stands, I refer
to all shoot structures, as well as roots and their
associated microflora).

For CELSS studies, measurements of whole
stand gas fluxes are most useful, but this requires
enclosing the entire stand in a chamber (Gerbaud
et al. 1988). As with single leaves, stand gas
fluxes can be measured using two general
approaches: closed or open systems (Coombs et
al. 1985, Mitchell 1992). In closed systems,
changes in gas concentration, typically carbon
dioxide {CQ,), are tracked over time (Coombs
et al. 1985, Wheeler 1992). These changes can
be converted to absolute quantities if the system
volume and leakage rate are known. A varia-
tion of the closed system is the semi<closed or
null-balance approach, where the amount of CO,
needed to hold a constant set point during the
light is measured (Coombs et al. 1985, Mitchell
1992). In practice, controlled environment sys-
tems with plants that are atmospherically closed
require a null-balance mode of operation to
prevent CO, depletion. In contrast to closed
systems, open systems are ventilated to their
external environment, but the CO, concentra-
tions of incoming and outgoing air streams are
carefully measured (Bugbee 1992, Mitchell 1992).
In open systems, chamber volume and leakage
are not critical measurements (provided leakage
is outward), but gas flow through the system

must be measured accurately (Coombs er al.
1985, Bugbee 1992). In theory, both approaches
also can be used to track stand O, exchange, yet
difficulties in measuring concentration changes
against large background O, levels (e.g., 21%)
make these measurements more difficult.

OBSERVATIONS FROM NASA'S BIOMASS
PRODUCTION CHAMBER

At Kennedy Space Center, FL, a series of plant
studies have been conducted with a large, closed
chamber for NASA's CELSS program. The
chamber, called the Biomass Production Cham-
ber, provides 20 m? of growing area, with an
internal volume (including air ducting) of 113 m?
(Prince et al. 1987, Wheeler 1992). Lighting is
provided with 96 400-W high-pressure sodium
lamps, air circulation with two 30-kW blowers,
and heat rejection with two 52-kW chilling sys-
tems. Further details on the chamber design
and capabilities can be found in Prince et al.
(1987), Sager et al. (1988), and Wheeler (1992).

Gas exchange of plant stands in the chamber
is measured by tracking diurnal changes of con-
centration in response to lighting cycles (closed
system measurements) or by monitoring the
amount of CO, added to hold a set-point during
the light period (semi<closed measurements).
When the chamber is filled with plants, CO,
concentrations drop quickly in the light until a
set-point is reached, at which CO, is added from
an external source (Fig. 1). During the dark
cycle, no external CO, is needed and chamber
CO, concentrations rise from plant respiration.
In contrast to CO,. O, increases during the light
and decreases during the dark (Fig.1). If no
steps are taken 1o remove or control O,, concen-
trations will continue to increase as the plants
grow. In an operating CELSS, O, produced by
the plants would be used by the humans, while
CQ, from the humans would be used by the
plants. For our studies, we either ventilate
{open) the chamber or engage molecular sieve
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Fig. { Change in carbon dioxide (CO,) and oxygen (O,) concentrations in a closed chamber in response to 12-h light/
dark cycles during growth of a soybean crop.  When CO, dropped to 1000 ppm in the light, CO, was added from an

external supply to maintain the 1000 ppm set-point.
volume of 113 m®.

scrubbing systems to prevent excessive O, build-
up. (Interestingly, this becomes a necessity to
prevent fire hazards when O, concentrations
exceed 25%.)

By calculating an average CO, exchange
rate each day, one can track the gas exchange
throughout growth and development of a crop
(Fig. 2). This allows a running calculation of
total CO, fixed and hence an estimate of stand-
ing biomass. The gas exchange measurements
also provide a diagnostic check on the plant
stand’s general health and metabolic status, as
well as a rapid indicator of environmental pertur-
bations. For example, the effect of an un-
scheduled high temperature episode during the
dark period (day 56) is apparent as a sharp
increase in respiration of a soybean stand (Fig.
2).  Another example is evident from the high
light curve (Fig.2), where a decrease in the
photosynthetic rate occurred between days 30

The chamber provided 20 m? of growing area with an atmospheric

and 50. This coincided with a collapse (ie.
lodging ) of the soybean stand, which caused
gaps in the canopy and incomplete light intercep-
tion. It is noteworthy that this lodging caused
nearly 10% loss in potential net photosynthesis
throughout the growth cycle! A lag in CO,
uptake also is apparent early in growth (Fig, 2).
For these studies, fixed spacing was used
throughout growth; consequently, growing space
and lighting were wasted when plants were
young. This could have been reduced by start-
ing seedlings in a separate area and then trans-
planting the seedlings to the final production
area, or by utilizing an adjustable spacing system.
For crops such as lettuce, potato, and soybean,
transplanting could save perhaps 10 to 12 days of
use in the final production area, resulting in
substantial increases in system productivity
(Wheeler er al. 1996).

When one considers management of plant
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Fig.2 Carbon dioxide (CQ,) exchange rates during light (net photosynthesis) and dark cycles (dark period respiration)
throughout growth and development of two soybean crops.  Plants were grown at 815 gmol m~2 s-! (high light) and 480
pmol m™ s~ (low light) PPF. Many deviations of data from the curves represent responses to environmental events, e.
2. high respiration as a result of chamber overheating on day 56 of the high light study. An apparent dip in the high light
photosynthesis curve occurred near day 30 (lasting until day 50), which coincided with a collapse {lodging) of the stand.

Full ground cover was reached near 30 days.

systems for a CELSS, successive “batch™ plant-
ings would result in oscillations of gas exchange
throughout growth (Fig. 2). A more likely sce-
nario would involve the use of staggered plant-
ings to damp oscillations in system gas fluxes and
maintain a constant supply of O, and food
(Drysdale et af. 1992, Stutte and Sager 1995)
(Fig. 3). This could in turn reduce food and gas
storage requirements. A potential disadvantage
of staggered plantings is that they might require
simultaneous culture of plants of different ages in
a common environment (e.g., similar lighting,
temperature, and humidity), which may not be
optimal for a specific stage of development.

In most controlled environment studies with
plants, light (photosynthetic photon flux-PPF) is
a primary limiting factor for photosynthesis (Fig.
4); consequently, CELSS designs and energy
requirements are directly affected by plant light-

ing (Drysdale et al. 1994, Wheeler et al. 1996).
In contrast to single leaves, instantaneous
photosynthetic rates for some stands do not
saturate, even at relatively high PPFs (Fig. 4) (see
also, Bugbee and Salisbury 1988). In addition,
light compensation points (point where net CO,
uptake=0) are typically higher for stands than
single leaves, because of their high background
respiration rates of stands. In our studies, light
compensation typically occurred near 200 zmol
m~% s~! PPF when plants were grown at 600 to
800 gmol m=% s~ In studies with wheat
grown at much higher PPF (2,000 gmol m=2 s7?
for 20- or 24-h photoperiods), standing biomass
was much greater and light compensation points
were as high as 600 gmol m=% s~' (Bugbee
1992). Whether stands of dicots with horizontal
leaf architectures could tolerate such high
irradiance continuously seems doubtful, but
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Fig. 3 Estimated carbon dioxide (CO,) uptake rates from photosynthesis of a soybean stand (see Fig. 2) using sequential
batch plantings (all plants started at one time and then harvested at one time) versus staggered plantings (one fourth of the
area planted and harvested at equally spaced intervals).

should be studied for CELSS. Related studies
with potato suggest that photosynthesis and
growth may not increase much once an upper
limit of total daily irradiance is reached (Stutte et
al. 1996).

CO, concentration also can be used to
control the rate of gas exchange by plants, and in
practice, CO, concentration is easily optimized
with little additional system expense. Maxi-
mum photosynthetic rates for the C, species
tested in our system were reached between 1,000
and 2,000 ppm (0.1 to 0.2 kPa) (Wheeler er al.
1993, 1994, 1996). Unlike light compensation,
CO, compensation points are relatively similar
between single leaves and whole stands (50-100
ppm), provided chamber air mixing is adequate
(Wheeler et al. 1993).

GAS BALANCES IN A CELSS

The best results from our studies to date (PPF
levels up to 55mol m™2 day?) suggest that
about 20 m? of planted area would be required
to provide minimal O, requirements and CO,
removal needs for one person (Wheeler et al.
1996). This assumes a resting rate or low level
of metabolic activity for humans, and would
need 1o be increased if average levels of activity
were higher (Doerr et al. 1995, Mitchell et al.
1996). But as noted earlier, the required area of
plants also depends on lighting capacity of the
system. Any imbalances in CO, and O, fluxes
between plants and humans also should be con-
sidered for a CELSS (Krall and Kok 1960, Eley
and Myers 1964). Assimilation quotients (CO,
fixed: O, produced) of plants are generally close
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Fig.4 Carbon dioxide (CO,) exchange rate of plant stands in response to changes in photosynthetic photon flux (PPF).
Measurements were taken soon after full ground cover for stands grown with ~700 gmol m=? s™* PPF. A typical single
leaf curve (hatched line} is superimposed, showing the lower saturation level and lower light compensation point (projected}

in comparison 1 whole stands.

to 1.0, whereas respiratory quotients (CO,
produced: O, used) of humans are near 0.8
(Rabinowitch 1945, Krall and Kok 1960). Such
imbalances might be minimized by changing the
proportion of fat- and carbohydrate-producing
plants, or by modulating the forms of nitrogen
provided to the plants (Krall and Kok 1960).
For example, assimilation quotients for some
algae are lower when they are grown with nitrate

versus ammonium or urea; however, this phe- -

nomenon has not yet been demonstrated for
higher plant communities. Alternatively, CO,:
O, ratios might be adjusted with supplementary
physical-chemical systems thereby avoiding the
need for precise biological balance.

In a totally closed CELSS where plants are
used both for food and atmospheric regeneration,

fluxes of O, and CQ, are also affected by waste
recycling. To demonstrate this, let us assume
the following: 1) all plant biomass and food
cycle through the system as carbohydrate
(CH,0); 2) half of the biomass produced is
edible, ie., harvest index=0.5 (this seems a rea-
sonable average for a range of crops studied for
CELSS; Wheeler et al. 1996); and 3) all the
human waste and inedible plant biomass are
recycled back to CO, and H,0. In such a
scenario, two units of total biomass must be
produced to supply one unit of food and one net
unit of O, (Fig. 5). Using the data from our
studies at Kennedy Space Center, this translates
to a requirement of 40 m?* of planted area per
person (Wheeler et al. 1996). Note that recy-
cling carbon from the inedible biomass and other
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Fig. 5 Model of carbon and oxygen fuxes in a CELSS including a human habitat, a plant producing module, and a waste
treatment systern.  The mode) assumes ali the fixed carbon is in the form of carbohydrate (CH,0), CO; and O, fluxes in
photosynthesis and respiration are exactly | : I (see text for discussion of assimilation and respiration quotients), and half

of the plant biomass is edible {ie., harvest index=0.5).

Waste treatment is shown only for inedible plamt biomass, but

would also be required for human waste to provide complete conversion 10 CO,.  To provide 1.0 unit of edible CH,O to
feed one human, 2.0 units of total biomass must be produced, requiring 40 m? of plant growing area.

waste in the system requires 2 full unit of O,,
after which the COQO, is returned to the
photosynthetic module.

If a portion (0.1 CH,O unit) of the waste
biomass could be converted to food through use
of organisms such as fish or fungi (Strayer 1993,
Finger and Strayer 1994), the total area for the
photosynthetic module can be reduced by 10% to
36 m? per person (Fig.6). System O, produc-
tion and CQ, fixing requirements also would
drop proportionately, since less waste recycling is
required. This demonstrates the importance of
cycling a high proportion of biomass through the
system as food. However, adding secondary
conversion steps with fish or fungi cultivation
would increase system complexity, and these
costs and reliabilities would need to be evaluated
against gains accrued from reduced growing area
and lighting for plants (Drysdale ef al. 1992,
1994).

A more direct way of cycling proportionate-

ly more biomass through the food loop is to
increase the harvest index of the plants. Increas-
ing the harvest index from 05 to 0.6 would
require total production of only 1.7 units of
CH,0 to provide 1.0 unit of food to the humans
(with no food retrieved from waste treatment},
thereby decreasing the required plant area 15% to
about 33 m* per person.

The intent of these models is to give a
simplified view of carbon and oxygen fluxes
through a CELSS, but clearly the systems would
be more complex. For example, food estimates
are based solely on a dietary energy need of 2800
kcal per person per day, and take no accounting
for protein, fat, vitamin, and micronutrient
requirements. In addition, at least some treat-
ment of human waste would be required to
recycle water and sustain some of the CO, needs
of the plants, and this is not shown. In a more
sophisticated CELSS, recycling schemes for other
elements (e.g., N) must also be considered in
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Fig. 6 Model of carbon and oxygen fluxes in a CELSS given

the same assumptions as in Fig. 5, but in this case 0.1 units

of CH,O are retrieved from waste as food.  This might be accomplished by processing waste biomass using fungi or fish.
The net effect is a 10% decrease in the plant area (40 m® to 36 m?) required to support one human.

terms of resupply costs and feasibility. Recent
studies have shown that biological degradation
of inedible biomass can efficiently retrieve a large
portion of the nutrients (e.g., N and K) needed to
grow subsequent generations of plants (Finger
and Strayer 1994, Mackowiak et al. 1996), and
similar approaches should work with human
wastes, although further testing is needed. An
interesting challenge looming for CELSS
research will be dealing with large discrepancies
in Na and K requirements between humans and
plants. Additionally, if a CELSS is to be em-
ployed in a weightless environment, one must
consider any effects of microgravity on photosyn-
thesis and overall plant growth and development
(Brown et al. 1996).

In all probability, early attempts at a
CELSS will be only partially closed, and sub-
stantial amounts of food, O,, and other con-
sumables will be imported. If one approaches
mass balances from this perspective, very different
scenarios arise: If, for example, half the food is
imported and half the food is produced in the

CELSS, the entire atmospheric regeneration can
be met with only half the area of plants (i.e., 20
m? per person), provided waste CH,O recycling
is minimized (Fig. 7). By disposing of or stor-
ing a large portion of organic wastes, most of the
O, from the photosynthetic system can be sent to
the humans and the CO, removal needs reduced
proportionately. Imported food could then offset
elements discarded in waste and help satisfy more
demanding aspects of the human diet (Mitchell
et al. 1996). Meanwhile, the waste biomass
could be stored as a future resource (e.g., carbon
supply) as the system becomes more autono-
mous.

SUMMARY

The use of plants for O, production, food pro-
duction, and CO, removal in life support sys-
tems holds great promise. By tracking rates of
photosynthesis and respiration of the plants, the
effects of environmental management on system
gas balances can be assessed rapidly. In any
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Fig.7 Model of carbon and oxygen fluxes in a partially closed CELSS, where 0.5 units of waste CH,O are discarded or
stored. In this case, all the O, and CO, removal needs and half of the food for one human can be provided by 20 m?
of plants. The remainder of food is provided by stowage (imported).

CELSS, lighting is a primary limitation for
photosynthesis and consequently a critical design
consideration. Management of gas balances in
a plant-based CELSS also must consider waste
management strategies and the degree of system
closure. In all cases, plants with a high harvest
index (ie, high proportion of edible biomass)
are highly desirable, to maximize carbon cycling
through the human food chain.
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